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Abstract

The secondary neutron radiation field can produce a harmful effect and eventually a secondary
cancer in patients undergoing proton therapy treatment. PIN silicon diodes are investigated at the
Centre for Medical Radiation Physics (CMRP), of the University of Wollongong, to monitor the
dosimetric effect of the neutron field associated with proton therapy.
In a protontherapy passive scattering beam line, the final target-shaped collimator, a brass layer
with thickness varying usually between 2 cm and 8 cm, produces an undesired neutron field,
deriving from proton hadronic interactions, and incident on the patient.
In order to calibrate PIN diodes as neutron radiation monitoring detectors for proton therapy
quality assurance, it is necessary to characterise the response of the detector in a phantom,
varying the thickness of the brass layer. The aim of this thesis is to characterise the response of
the PIN diode in a proton field typical of prostate cancer treatment, varying the brass layer
thickness. The project has been done by means of Geant4 simulations. The response has been
characterised in-field, for an incident pencil proton beam with energy 190 MeV, along the beam
central axis, at different depths along the Bragg Peak, with a brass layer thickness varying
between 0 cm and approximately 4 cm.
The results of this work show that increasing the brass layer thickness reduces the depth of the
Bragg Peak in the phantom as expected. Increasing the brass layer thickness produces a higher
number of neutrons incident on the patient. The numbers of neutrons then decreases with depth
on the central axis of the proton beam due to elastic and inelastic scattering, and capture
reactions.The response of the PIN diode is dominated by the proton beam in-field as expected up
to the Bragg Peak.
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Chapter1
Introduction

Proton therapy is a type of external beam radiotherapy consisting of an energetic proton beam
directed at a tumour[1]. The energy range of the incident proton beam can vary between 70 MeV
and 250 MeV depending on the depth of the tumor. Because of the Bragg Peak characterising the
energy deposition of protons, protontherapy is a very conformal treatment [2]. With respect to
conventional X-ray radiotherapy, the dose delivered to tissues closer to the skin’s surface is
smaller.
Nuclear interactions of the primary protons produce a secondary neutron radiation field in the
patient and in the proton therapy beam line modifying devices, such as the collimators.Neutrons
are of vital concern as they can carry energy far away from the primary site of interaction and
eventually induce secondary cancers because of their high radiobiological effectiveness
(RBE)[3] which is the ratio of absorbed dose of a low- Linear Energy Transfer (LET) reference
radiation (60Co source) and the radiation type under study, necessary to produce the same
biological effect [14].Therefore, it is crucial to measure the dose derived by secondary neutrons
in the patient.
The aim of this thesis is to charaterise PIN diodes for neutron dosimeter in protontherapyby
means of Geant4 simulation studies.Ziebell et al. [4] found that this detector is particularly suited
for neutron dosimetry, and for energies relevant to protontherapy the ratio of neutron
displacement KERMA to proton displacement KERMA in silicon per unit absorbed dose in
tissue is in the range of 10-100 KeV, out of field. This means that silicon PIN diodes are more
sensitive to neutrons than to protons when operated in forward voltage, out of field.
This thesis includesfive chapters. Chapter 2 is dedicated to the literature review. Chapter 3
describes the methodology adopted in the project. Chapter 4 shows the results and discussion.
Finally Chapter 5 is dedicated to the conclusion of the research project and to the
recommendations for future studies.
1

Chapter 2
Literature review

2.1 Proton therapy
Radiotherapy is a widely used treatment to cure cancer, based on the use of


External X-ray or charged particle beam focused on the tumor target or



Radioactive sources are placed adjacent to the target tumour.

The radiation deposits energy in the tumor target, killing the cancerous cells.
The idea of using proton beams in radiation therapy was first proposed by physicist R. Wilson in
1946 [5]. About ten years after, the first patient was treated with protontherapy in Berkeley,
California. By December 2001, there were 20 operating proton therapy centres worldwide and
for certain clinical sites there are good long-term follow-up results [6] [7]. Today, the total
number of proton therapy centres worldwide as provided by PTCOG (Particle Therapy CoOperative Group) statistics, is 43 and since 1996; thousands of patients have been treated [8].
Particle therapy with protons has the advantage in physical dose distribution due to the Bragg
Peak (BP) (Fig. 2.1).The energy deposition curve is characterised by a plateau and then increases
dramatically at the end of the proton path. Thereafter, the dose drops rapidly to zero at the distal
edge of the Bragg peak. The Spread Out Bragg Peak (SOBP, Fig.2.1) is produced by the
superposition of multiple pristine BPs to irradiate the whole tumour.
The dose derived from x-rays entering the body drops off exponentially with the penetration
depth. Therefore, the dose at the entrance is much higher compared to the dose at the position of
any target set deep inside the patient. This does not happen with protontherapy given the
characteristic Bragg peak. In this case at the entrance of the patient the delivered dose is at
minimum, then suddenly increases to the maximum at the SOBP located in the target tumor. As
shown in Fig.2.1, particle therapy is characterised by higher treatment conformality than X-rays
radiotherapy.
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Figure 2.1:Depth dose distribution in tissue of a single Bragg peak (grey), a spread-out Bragg
peak (black), and a 10 MV X-ray beam (dashed) [9].

The energy loss of protons in matter due to interactions with target atomic electrons is described
by the Bethe-Bloch formula of equation 2.1[10]:
−

dE
dx

=

4пz 2 e 4
m0 v2

NB

(2.1)

Where
B = Z[ln

2m 0 v 2
I

v2

v2

− ln 1 − c 2 − c 2 ] ,

(2.2)

v and ze are the velocity and charge of the incident charged particle, respectively. e is the charge
of the electron.N and Z are the density and atomic number of the target material, and 𝑚0 and e
are the electron rest mass and charge, respectively. Iis the average excitations and ionization
potential of the target.

Fig. 2.2 shows the collision stopping power of protons with respect to their kinetic energy taken
from [11] and calculated by means of the Bethe-Bloch formula.In Region 2 (of interest for
3

protontherapy) the stopping power decreases with 1/v2 where v is the speed of the projectile. This
means that lower the velocity of the proton, higher the energy deposition in the target. This
explains why the energy deposition produced by protons is characterised by the Bragg Peak, at
the end of their path [12].

Figure 2.2: Collision Stopping power of protons in a target from [11].

Figure 2.3 shows the range of protons in water. Typically, most proton facilities operate with
maximum proton energies between 230 and 250 MeV, providing maximum ranges of 32 to 38
cm in water [12].For instance, in prostatic cancer, a proton beam must have energy of
approximately 250 MeV [2].
Protons can interact via nuclear interactions with the nuclei of the medium. As ~200 MeV
protons travel through a water target, almost 20% of them go through a nuclear interaction [13].
The nuclear interactions of 160 MeV protons produce approximately 0.4 alpha particles, 0.6
neutrons, 1.8 protons, and very few recoil tritons, atoms of helium, and deuterons [13]. Most of
the secondary neutrons produced have a maximum energy of 20 MeV [13]. Such neutrons are
referred to as “fast neutrons” and have high LET, therefore causing danger for Organs at Risk
(OARs) positioned close to thetreatment target[13].
4

The secondary neutrons can interact with the nuclei of the water molecules present in the patient,
which then directly ionises the medium.Due to the fast neutrons’ high LET, the secondary
neutron field characterising protontherapycan eventually produce a secondary cancer [13].The
risk of secondary neutrons is due to high RBE values at the energies produced at clinical stages.
The organs at risk are also not necessarily close to the target because the nature of neutron
interactions means that they can travel significant distances without being attenuated. This means
that they can cause an elevated risk almost anywhere in the body. It is therefore important to be
able to characterise the secondary neutron field by means of quality assurance instrumentation.

Figure 2.3: Energy-range plot for protons in water. [12]
Particle therapy has RBE of 1.1 in proton therapy [2])] which makes this radiotherapy modality
very attractive for treatment of difficult to treat cancer types by means of X-ray radiotherapy
(due to radio-resistance, chemo-resistance or tumour location).
Currently, one of the most advanced photon beam delivery method is intensity-modulated
radiation therapy (IMRT). IMRT can transfer higher doses to the treatment target with high
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conformal behaviour. In a recent research by Lomax et al [15], assessing the potential impact and
influence of improved dose administration using protontherapy as compared to IMRT, it was
shown that protontherapy is characterised by a lower risk of radiation-induced secondary cancer
with respect to IMRT. The approximated risk of secondary cancer incidence after treating the
spinal axis is demonstrated in table 2.1[15]. The complete risk of annual cancer incidence for
each treatment plan is noted for the breast, gastrointestinal apparatus, lung, thyroid,
mesenchyme, and bone marrow (leukemia). A secondary cancer incidence rate of 0.76%, 0.43%,
and 0.05% was estimated for the 6-MV forward planned X-ray plan, for the 6-MV Intensity
Modulated (IM) X-ray plan, and for the proton therapy plan, respectively. A reduction in
secondary cancer incidence of up to 15-fold was predicted with the use of proton beams
compared to the standard 6-MV posterior X-ray beam treatment plan [15].
Despite these promising results, it is important to characterise the neutron radiation field in
protontherapy in order to consolidate our understanding of the associated secondary cancer risk
in order to develop eventual countermeasures to improve the treatment.

Table 2.1:Estimated absolute yearly rate (%) of secondary cancer incidence after treating a
medulloblastoma case with either conventional X-ray, IM X-ray, or proton beams as reported by
[15].
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2.2 Secondary neutron field in protontherapy
Protons emerging from a cyclotron or synchrotron form a narrow pencil beam. To cover a
treatment field of practical size, the pencil beam must be either scattered by a foil (passive
scattering proton therapy) or scanned (active scattering proton therapy) as illustrated in Fig. 2.4.
Passive scattering proton therapy is by far the simplest technique but suffers the disadvantage of
an increased total body effective dose to the patient [3] and generation of secondary neutrons
from proton inelastic nuclear interactions in components of the beam line, as the final collimator
located close to the pаtіеnt; this collimator is fаbrіcаtеd out of brass with а pаtіеnt-spеcіfіc
аpеrturе shaped to match the target [3].
In active scanning protontherapy a system of deflecting magnets is used to direct the proton
pencil beam in the target without generation of secondary neutrons in the beam line. In this
second case the secondary neutron radiation field is produced within the patient only.
The measured doses derived from secondary particles at proton facilities differ widely, partly
because of the different measurement techniques used [16]. In addition, the generation of
secondary neutrons is greatly dependent on the geometry of the proton beam line and currently
there exists no standard configuration for the beam line material and geometry configuration
[17].
Proton nuclear interactions within the patient can produce secondary neutrons as explained in
page 4. This process cannot be avoided. Since neutrons have been proven to be capable of
carrying energy far from the main interaction site, they are of high concern as they candeliver
dose beyond the treatment target [13] and eventually produce secondary cancer[18].
Proton inelastic nuclear interactions with the target nuclei within the patient generate secondary
nuclear recoils (e.g. recoil protons, alpha particles, neutrons) which can possess high Linear
Energy Transfer (LET) and therefore have an impact on the distribution of dose and on the RBE
[19].
The dosimetric impact of inelastic proton interactions was investigated by Wroe et al. [19] with
the use of dedicated Monte Carlo simulations. Their findings emphasised the significance of the
energy staggering in establishing the position and amplitude of the Bragg Peak and the dose ratio
7

of peak to entrance point. The said investigation was conducted for mono-energetic proton
beams with energy between 60 MeV and 200 MeV in phantoms with different composition.
Figure 2.5shows the results obtained by Wroe et al [19] for a 200 MeV proton beam.As
expected, the distribution of dose depends significantly on the incident proton beam’s energy and
on the phantom material [19]. For a 60 MeV proton beam, the dose ratio of peak to entrance was
found to be roughly 5% to 8%, while this value is higher than 30% for an incident 200 MeV
proton beam. Because of secondary neutrons and nuclear recoils there is some dose delivered
laterally and behind the Bragg Peak that, in optimal treatment condition, should be avoided in
OARs close to the target tumor.

Figure 2.4: Sketches of passive and active scanning scattering proton therapy beam lines [3].
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Figure 2.5: Comparison of 200 MeV proton Bragg peaksin phantoms with different composition,
with and without inelastic reactions. Source: A. Wroe et al. [19].
H. Paganetti [20] studied theoretically theSpread Out Bragg Peak (SOBP), calculating thedose in
phantom deriving from a primary proton beam and its secondary nuclear recoils. Figure 2.6
displays the 2D spread-out Bragg Peak as well as the inputs of the dose, stemming from various
particles.The dose contribution of secondary protons is roughly 5% at the Bragg Peak’s proximal
edge while that of α-particles and 3He particles is lower than 0.2% [13]. Approximately 95% of
the dose derives from the incident proton beam. These results were obtained with an incident
proton beam of energy 160MeV.It was found that the protons produced by secondary neutrons
by means of the (n,p) reaction largely deposit the dose in thetreatment area, and this dose
decreases exponentially as a function of depth into the phantom.
In [13] the dose of neutrons out of field was found to be of the same order of magnitude as the
distal region after the Bragg Peak. The contribution of secondary particles increases out of field
since the primary fluence of protons is declining quickly while there exists a significant
contribution of secondary protons via (n, np) reactions [13].
9

Figure 2.6: Contribution to the dose with respect to phantom depth, deriving from a primary 160
MeV proton beam and its secondary nuclear recoil. Source: [19].
Zheng et al. [21] estimated the neutron dose equivalent H for the therapeutic dose D (the amount
of a medication required to produce the desired effect) as a function of the size of the field by
means of Monte Carlo methods. It was shown that when the proton collimating aperture was
reduced from18x18 cm2 to 10x10 cm2, the neutron dose equivalent rose by roughly 29% at the
iso-center, 9% at 150 cm laterally from the iso-center, and 33% at 150 cm distally to the isocenter [21]. This happens because as the size of the collimating aperture increases a higher
quantity of protons exits from the nozzle without generating neutrons in the collimation system.
Other studies, such as Binns and Hough [22] and Yan et al [23], showed resultsin agreement with
Zheng et al. [21]. A fast neutron dose component is observed at the patient position which then
declines with radial distance and lateral displacement from the last collimator.
2.2.1 Patient-specific brass collimator
One essential design consideration for proton therapy is to limit as much as possible the neutron
radiation field coming from the beam line to minimize the harmful effects of such radiation in
the patient. Brass is adopted as material of the collimator at the end of the proton therapy passive
scattering beam line to shape the proton beam conformally to the tumor target [24]. Brass is
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adopted because it is relatively cheap, easy to handle and it has a sound thermal conductivity
capacity and good wear resistance. Generally brass is made of ~62% copper, ~35% zinc, and
~3% lead, though such composition may slightly vary.
In [25], the geometry and the properties of the patient-specific brass collimator are studied with
respect to the produced neutron field for an incident proton beam of energy 235 MeV. As shown
in figure 2.7, the peak neutron dose decreases with the thickness of the brass collimator. This
happens because the neutrons, once originated in the brass, scatter and eventually are absorbed
by the brass itself before emerging from the collimator.

Figure 2.7:Calculatedneutron dose (per proton incident on the collimator) deriving from neutrons
originating in the brass collimator with respect to the brass thicknesses. Note the minimum brass
collimator thickness (needed to stop 235 MeV protons) is 65 mm [25].

2.2.2 Interactions of neutrons with PMMA for proton therapy Quality Assurance
A phantom is used to model the properties of human tissue. According to ICRU report 44[26],
“tissue substitutes are often mixtures formulated so that their radiation interaction properties,
rather than their atomic composition, match those of body tissue to a degree necessary for the
11

specific application”. For the purposes of this study, a PMMA (methyl methacrylate [27])
phantom is used with density 1.19 g/𝑐𝑚3 and size of 30x30x30 𝑐𝑚3 .
The PMMA composition is reported in Table 2.2; the other materials in the table are common
body tissues included in the table for comparison purposes with Lucite.
Material
Lucite
Adipose
Brain
Muscle

H
C
N
O
P Na S Cl K Density(g/cm3 )
8.05 59.98
31.96
1.19
11.4 59.8 0.7 27.8
0.1 0.1 0.1
0.95
10.7 14.5 2.2 71.2 0.4 0.2 0.1 0.3 0.3
1.04
10.2 14.3 3.4 71.0 0.2 0.1 0.3 0.1 0.4
1.05

Table 2.2:Chemical composition of various media.Reported tissue compositions as per ICRP 75
[28]. Thelucite composition derives from [29].

Neutron interaction cross section in H, C and O, fundamental constituents of PMMA, are shown
in Fig.2.8 - 2.16 [30]. Up to approximately 20 MeV elastic scattering is the most significant
neutron process in the three elements. The secondary nuclear recoils are hydrogen isotopes and
αparticles.

.
Figure.2.8: Neutron cross sections in Hydrogen with respect to the neutron energy up to 1 MeV.
[30]
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Figure.2.9:Neutron cross sections in Hydrogen with respect to the neutron energy up to 20 MeV.
[30]

Figure.2.10:Deuteron production cross section with respect to the neutron energy [30].
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Figure 2.11: Neutron cross sections incarbon with respect to neutron energy up to 20
MeV. [30]

Figure 2.12: Neutron cross sections in carbonwith respect to neutron energy up to 150 MeV.
[30].
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Figure.2.13:Secondary particle production cross section in carbon with respect to neutron energy
range [30].

Figure.2.14: Neutron cross sections in oxygen with respect to the neutron energy (up to 20 MeV)
[30].
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Figure 2.15: Neutron cross sections in oxygen with respect to the neutron energy (up to 160
MeV) [30].

Figure 2.16: Secondary particle production cross section in oxygen with respect to the neutron
energy [30].
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2.2.3Neutron dosimetry
Various dosimeters can be utilised to measure the dose deposited by incident neutrons in tissue.
Technology such as gas proportional detectors and neutron-sensitive scintillating glass fiber
detectors can achieve a precise discrimination for gamma radiation and thermal neutrons [31].
Neutrons have process cross sections that depend strongly on their energy and target material
therefore it is crucial to know accurately the neutron radiation field to be studied, the
experimental configuration and the composition of the detectorto be able tointerpret the
experimental results in the most effective and efficient manner [32].
According to Chao and Niu [33], Germanium (Ge) detectors complemented with an ad-hoc
polyethylene moderator arean effective fast neutron dosimeter solution in case of low level
neutron dose ratescharacterised by high sensitivity.Germanium detectors are used in low level
neutron dosage and often sensitive to silicon of few millimetres, otherwise it can be depleted. For
this reason, Ge detector is not used total absorption of even few MeV gamma rays.
Tissue Equivalent Proportional Counters (TEPCs) are extensively studied for neutron
dosimetryas well and demonstrate to have high sensitivity to recoil protons generated by the
incident neutrons [32].

2.3. KERMA
KERMA is an acronym standing for Kinetic Energy Released per Unit Mass. ICRU Report 33
[34] defines it as the total initial kinetic energy (dEtr) of all charged particles liberated by
interaction of particles with no charge (e.g. photons, neutrons)per unit mass of a medium(dm).
The KERMA (measured in Grays) is defined as:
𝐾=

𝑑𝐸𝑡𝑟
2.3
𝑑𝑚

The interaction of an energetic neutron with a silicon diode results in a transfer of energy from
the neutron to the silicon diode’s crystal trellis. If enough energy is possessed by the energetic
neutron, the energy transfer is capable of dislodging an atom of silicon from its resting spot in
the trellis structure producing a fault. The trellis is regarded as damaged permanently if the said
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fault continues to exist in the structure. This effect is called the “displacement damage” [35].
Displacement damage cross section is used to express the relative displacement efficacy of an
incident particle.
Various experiments [35] [36] have shown that the displacement damage amount in a silicon
detector varies proportionally to the damage in the trellis. Hence, displacement KERMA
(dKERMA) results from radiation incident on the detector and is demonstrative of structural
damage to the silicon diode’s crystal trellis.
dKERMA depends on the energy of the incident neutron . Using equation 2.4, it is possible to
calculate the total displacement KERMA by calculating the convolution of the KERMA and the
neutron fluenceф(En) (unit: neutrons/cm2), where En is the neutron energy:

(2.4)
Where (Kn)E,Z(unit = cGy/neutron * cm2 ) is the KERMA factor depending on the neutron
energy.
For out-of-fieldconfiguration in protontherapy, the neutron energy spectrum is dominated by
neutrons of energies ranging from 0.15 to 20.0 MeV [4]. In this energy range, the ratio of
dKERMA in silicon to dKERMA in tissue is fixed within fifteen percent[4], thus justifying the
use of silicon PIN diodes as neutron dosimeter in protontherapy

2.4 Silicon PIN diodes
The primary advantage of using solid state detectors instead of gaseous detectors is their much
higher density. The higher the density of a material, the more likely the interaction of the
incoming radiation with atoms of the material occurs. In addition, the electrons in the
semiconductor are less tightly bound to their atoms than the electrons in the atoms of gas
molecules. It takes only 2 eV to 3 eV to create an electron-hole pair in a semiconductor material
compared to approximately 35 eV to release an electron in air. This means that for any incoming
radiation there is a much greater yield of charges (hole and electron pairs) in the semiconductors
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than in air (or other gases) of a similar volume. As a consequence, a relatively smaller volume of
solid material is needed, which allows the production of much smaller detectors that can be
portable [37]. For example Si-Li are diodes are approximately 3 orders of magnitude more
sensitive to radiation than equally sized ionization chambers. This allows for detector sizes of ≤
1mm3 , suitable for mapping radiation field as well as for measurements in vivo [2].
Figure 2.17 displays a silicon PIN diode consisting of an intrinsic silicon layer held in between
by an n-type layer on one side and a p-type layer on the other. In such detector systems, one
valid assumption is that the concentration of holes in the p-type layer is equivalent to the
concentration of electrons in the n-type layer. The detection efficiency of the silicon PIN diode is
a function of its width, while its sensitivity depends on its geometry and on the diode’s properties
[38]. In particular, different geometries (circular planar and linear) and different diode types (D-,
and C-types) show varying levels of sensitivity [38]. The C-type pin structure shows to be the
better pin structure for neutron and gamma dosimetry [38].
The trellis structure of a silicon PIN diode absorbs energy when the diode experiences exposure
to neutron radiation. A pair of electron-holes is produced if the absorbed energy is greater than
the energy gap Eg equal to 1.1 eV for silicon. However, if the energy deposited is greater than 15
eV [39], the interaction with the diode’s trellis can emit atoms from their sites of equilibrium,
eventually generating a defect.

Figure 2.17: The structure of a silicon PIN diode.
The primary means of damage by a mixed proton/neutron radiation field in silicon diodes derives
from ionizing energy losses (IEL) and non-ionizing energy losses (NIEL).
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NIEL varies proportionally with the bulk damage in semi-conductors resulting from radiation
due to atom displacement from its site. The effect of NIEL on the device translates in dKERMA
in silicon for NIEL.
The lifetime of excess holes and electrons is the sensitive aspect of a silicon PIN diode
whenexposed to nuclear radiation [40]. The start of sites of recombination in the trellis of the
silicon PIN diode stems from the defects being introduced into the trellis as discussed earlier.
The carrier lifetime goes down as the number of these sites of recombination goes up. This is a
direct effect of more carriers undergoing recombination at the spot of the trellis where the defect
was introduced.
Equation 2.5 shows how the carrier lifetime decreases by irradiation of neutrons:

(2.5)
Where
-

lifetime of the carrier prior to neutron irradiation,

-

lifetime of the carrier subsequent to neutron irradiation,

K

-

damage constant, and

Ф

-

neutronfluence

The silicon PIN diode’s performance is effectively altered by this decrease of the lifetime of the
carrier, boosting the forward voltage across the silicon PIN diode’s base at a fixed current. In
addition, the lifetime of the carrier will be affected by the silicon’s resistivity at medium current,
and thus must be taken into consideration when investigating the shift in forward voltage.
Equation 2.6 represents the impact of neutron radiation on the diode’s resistivity:

(2.6)
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Where:
ρo

-

silicon’s resistivity prior to bombardment of neutrons

ρ

-

silicon’s resistivity subsequent to bombardment of neutrons

K

-

coefficient with value ranging from 387-3300 depending on material, and

Ф

-

Fast neutron fluence.

The effects of resistivity on the shift in forward voltage can be disregarded for high-level
injections [41].
Because of the varying resistivity of the material and the degradation of carrier lifetime’s
radiation, the silicon PIN diode’s forward voltage rises [38].The shift in forward voltage varies
proportionally with dKERMA in silicon. The use of silicon PIN diodes for the dosimetry of
neutrons is founded on this principle.
In forward bias mode, the dosimetric response of the PIN diode is insensitive to the ionization
impacts in silicon. This was proven by Ziebell et al. [4], showing that a silicon PIN diode has a
much higher sensitivity to neutrons than to protons when activated in forward voltage.
Equation 2.7 gives the detector response when activated in forward bias mode:
𝛥𝑉𝑓 = 𝛼𝐷𝑛 + 𝛽𝐷𝑝

(2.7)

WhereDp is the proton absorbed tissue dose, Dnis theneutron absorbed tissue dose, ΔVf

is the

shift in the detector’s forward voltage resulting from NIEL, andα,which is set to 0.05V/Gy, and
β, which is set to 0.20V/Gy, are constants.
The silicon PIN diode can be used for measuring IEL as well when operated in reverse bias
mode (also called spectroscopy mode) as it works as a collector of charge. Equation 2.8 gives the
PIN diode response when operated in reverse bias mode:
𝑄 = 𝛾(𝐷𝑛 + 𝐷𝑝 )

(2.8)

Where γis 0.578 and Q is thecharge delivered to the detector resulting from IEL.
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In demonstrating the impact of geometry on diode response, the Centre for Medical Radiation
Physics (CMRP), University of Wollongong, did measurements by means of PIN diodes in a
neutron field [38]. The results showed that a circular planar diode possesses a2 sensitivity where
a represents the radial distance between the n+ edge and the p+ core of the structure of the PIN
diode as shown in Fig. 2.18.

Figure 2.18: Circular Planar PIN Diode Geometry.
In [38] the impact of the NIEL displacement damage on the detectors’ IEL response was
examined to help reveal the accumulation level of diode charge and both, prior and subsequent to
irradiation, indicated that the diodes’ charge accumulation can be investigated with 3x1011
neutron/cm2 neutron fluence [38]. Subsequent to irradiation, the diodes manifested outstanding
voltage surge with 100% charge accumulation taking place on a proton beam of energy 3 MeV
and over 500V reverse bias being operated prior to breakdown [38].
When it comes to irradiation of neutrons, a silicon PIN diode is effective for dosimetry since it
has a much higher sensitivity to neutron damage than other particles, specifically protons and
gammas [41]. As regards dKERMA in silicon, and as shown in fig 2.19, the dKERMA of
neutrons displacement is 10 to 100 times greater than the dKERMA of protons for an equivalent
dose absorbed.

In the same way, a silicon PIN diode has a much higher sensitivity to radiation of neutrons than
gamma because of the defects in the diode’s trellis called “Frenkel defects” resulting from
gamma radiation [42]. Hence, two defects in the trellis are generated by a Frenkel defect,
namely, an interstitial defect and a vacancy defect. The trellis, therefore, is effectively ionized by
the interactions of gamma with the diode.
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Figure 2.19: dKERMA of neutrons and protons [4].

Silicon PIN diode’s response depends on the resistivity to the diode’s base and alterations in the
lifetime of the carrier that result directly from the charge collection. Consequently, the response
of the silicon PIN diode isdependent on ionization.

2.5 Relationship between PIN diode geometry and sensitivity to neutron field
The achievement of higher neutron sensitivity is critical in developing a radiation dosimeter
because this enhances the accuracy of the measurement. Lee et al. [43] showed that there is a
close relationship between PIN diode’s geometry and the sensitivity to neutrons. If the thickness
of the PIN diode layer increases, the sensitivity to neutrons also increases; this is mainly because
the neutrons react

with more

material in

the PIN diode.Smaller

cross-sectioned

configurationsachieved higher neutron sensitivity because of lower surface leakage current [40].
Fig.2.20and 2.21show that a thicker PIN diode with a narrower cross-section is more neutron
sensitive however there is a certain thickness in which the characteristics become uneven
because of excessive voltage consumption, which is undesirable. Therefore, there is an optimal
combination of these two parameters (thickness and width) to achieve optimal sensitivity. If
adiode is too thick, it results in uneven traits and causes the diode to excessively consume power
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as a result of the voltage increase. On the other hand, if the diode’s cross-section is too narrow,
the leakage of the surface current is increased, lowering sensitivity to neutrons.
Lee, Lee, and Youk [44] conducted a study by manufacturing diodes with different geometries,
as illustrated in Figure 2.22. With the use of high-purity silicon wafers (1,000 Ω.cm), they
created rectangular PIN diodes with combinations of 3 different thicknesses (80m, 150m,300m)
and four different sizes (0.05mm x 0.05mm, 0.2mm x 0.2mm, 1mm x 1mm, 5mm x 5mm).The
right picture on figure 2.22displays the internal layout of a created die, housing 17 diodes of
varying geometries. They utilised 9.83 MeV neutrons with 6.7 cGy/min constant dose rate and
10Gy neutron dose. The I-V curves of the diodes were computed for 10 different levels of dose.
The lifespan of the carriers’ was decreased by the defects on the trellis caused by radiation. Thus,
the resistance of the diode became higher, highlighting the diode I-V curve’s shift to the right, as
shown in figure 2.23[45].

Figure 2.20:Plot of the sensitivity of PIN diode with respect to diode thickness. As thickness of
the diode’s I layer increases, the sensitivity to neutrons increases. [44]
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Figure 2.21: Plot of the sensitivity of the PIN diode with respect to the edge length. As the area
of the diode’s cross section increases, the sensitivity to neutrons decreases [44].

Figure 2.22: The left picture (a) shows a test chip, and (b) shows the test chip layout, used in the
study of Lee, Lee, and Youk [44].
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Figure 2.23: Rightward shift of the diode’s I-V curve [44].

2.6 The Geant4 Monte Carlo code
The GEANT4 [16] simulation Toolkit is a general-purpose Monte Carlo code developed for
radiation physics applications. Geant4 describes the interactions of particles with matter and it is
widely used in space science, high energy physics and medical physics applications [46]. Geant4
is also used to describe the interactions of particles in a medium, from few eV up to the TeV
scale. The models can be complementary, describing processes over defined energy ranges or for
different particle types, alternative as they can be different approaches to describe the same
process. It is capable to describe both electromagnetic and hadronic physics interactions. It is
possible to describe homogeneous and heterogeneous materials and complex geometries
spanning from High Energy Physics experiments of CERN down to the DNA helix. It is possible
to characterise the response of detectors in experimental set-ups of interest.
GEANT4 has demonstrated to be adequate for protontherapy studies [47], with the Binary
Cascade model being the most accurate to model hadronic interactions in this use case.
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Chapter 3

Methodology

3.1 Introduction
The object of this work is to characterise the NIEL and IEL response of a PIN diode in a PMMA
phantom, due to the proton beam and the secondary neutron radiation field emerging from the
brass collimator set at the end of a passive scattering protontherapy beam line. The study is
performed by means of Geant4 simulations [48].
A preliminary study was done to characterise the energy deposition in the PMMA phantom
produced by the interactions of the primary proton beam and the secondary neutron radiation
field originated in the brass layer. This study was conducted changing the thickness of the brass
layer.
In a second phase of the project, the PIN diode was modelled in the simulation and its response
was studied. The PIN diode was set in-field, at different depths in the PMMA, along the
direction of incidence of the proton beam. The positions were selected in the initial plateau, in
the rising part of the energy deposition curve, then at the Bragg Peak and beyond it. The
positions along the Bragg Peak were selected for each brass thickness as shown in Fig. 3.1-3.4.
The PIN diode was set in a face-on configuration with respect to the direction of the beam.
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Figure 3.1: schematic of PIN diodes positions adopted in the Geant4 simulation along the Bragg
curve. The brass layer is not modelled in this case.
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Figure 3.2: schematic of PIN diodes positions adopted in the Geant4 simulation along the Bragg
curve. The brass layer thickness is 0.5 cm.
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Figure 3.3: schematic of PIN diodes positions adopted in the Geant4 simulation along the Bragg
curve. The brass layer thicknessis1.0 cm.
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Figure 3.4: schematic of PIN diodes positions adopted in the Geant4 simulation along the Bragg
curve. The brass layer thicknessis2.6 cm.
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3.2 The Geant4 simulation application
The experimental set-up of the Geant4 application is shown in Figure 3.5. A monochromatic 5
cm x 5cm proton beam with energy 190 MeV is incident on a PMMA phantom with 30 x 30 x 30
cm3 size to fully contain the incident particle beam, emerging from the brass layer, modelling the
final collimator of a passive scattering protontherapy beam line. The brass layer is set between
the origin of the proton beam and the phantom.
The thickness z of the brass layer was varied between 0 and 26 mm in order to study the effect of
the thickness on the NIEL and IEL response of PIN diodes in the phantom. In particular the
selected brass thicknesses were 0 mm, 5 mm, 10 mm and 26 mm. The lateral size of the brass
layer was equal to the side of the PMMA phantom.

Brass
layer
190 MeV
p

Phantom

Thickness z

Figure 3.5: Sketch of the experimental set-up of the Geant4 simulation.
The silicon PIN diode was modelled as a silicon box with sizes 1 cm x 1 cm x 10 µm.The thinner
size is normal to the direction of incidence of the proton beam.
The electromagnetic interactions were described in the simulation by means of the Low Energy
EM Livermore Package [49].The QGSP-BIC physics list was adopted to model the hadronic
interactions as it showed to be the most accurate for protontherapy [47]. The HP data library
[49]was adopted to describe in detail the interactions of neutrons up to 20 MeV.The charged
particles that produced within this simulation have range cuts of 1 µm which is 1/10 of the
smallest dimension of the PIN diode.
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The results of the simulation are:


The energy deposition in the PIN diode.



The fluence of neutrons and protons in the PIN diode. The fluence was normalised per incident
proton, per cm2.
From this information, the NIEL and IEL responses were calculated. The IELwas calculated by
determining the energy deposition in the PIN diode deriving from the interactions of the primary
proton beam and of its secondaries. The modelling of the NIEL response is described in the next
section.
GEANT4 version 4.9.0 was used in this study. The number of events for each simulation was
107and the statistical uncertainty affecting the results in the energy deposited was 1%,
corresponding to 1σ.ROOT [50] was used as analysis tool,developed by CERN. It was originally
designed for particle physics data analysis and contains several features specific to this field, but
it is also used in other applications such as astronomy and data mining.The results were stored in
ntuple, it stores data of basic data types in an easy to access format in which data variables may
be manipulated, plotted and fitted and then the results were analysed with OriginPro 8.6 [51].

3.3 Calculation of PIN diode NIEL response
To describe the NIEL response, the silicon displacement KERMA in the PIN diode was
calculated by convolving the neutron fluence Φ(En) per incident proton with the displacement
damage cross-section as described in Chapter 2, section 2.3.The same procedure was adopted to
model the NIEL response due to protons. In this case, Kn(En) was substituted with Kp(Ep) in
equation 2.4.
Displacement KERMA is given in D/95MeVmB where D is the displacement damage cross
section. D with the units MeVmB is proportional to the damage defects produced by energetic
particles in any material[52]. Figures 3.6 and 3.7 represent the induced proton and neutron
displacement damage cross section (D) in PIN diode for kinetic energies between 0 and 190
MeV as described by [53]. The damaging effects of energetic particles (proton or neutron) in PIN
diodes are described by displacement damage cross-section (D).
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Figure 3.6: Proton induced displacement damage in silicon [53].
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Figure 3.7: Neutron induced displacement damage in silicon [53].
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Chapter 4

Results and Discussion

4.1 Introduction
This chapter illustrates the results of the study performed by means of Geant4 simulations.
The response of the PIN diode was studied in-field, along the central axis of the beam. In
particular the IEL and NIEL response of the PIN diode set in the PMMA phantom was studied,
varying the thickness of the brass layer set between the proton beam source and the PMMA
phantom. For more details the reader may refer to Chapter 3 dedicated to the description of the
Geant4 application.
The IEL response was derived from the energy deposition produced by the radiation field in the
PIN diode. The neutron NIEL response was derived by convolving the spectra of neutrons
reaching the PIN diode with the Displacement KERMA (see Chapter 3). Similarly the NIEL
response was calculated for protons.
A preliminary study was dedicated to the characterization of the radiation field in the PMMA
phantom, varying the thickness of the brass layer. This study was performed to describe the
radiation field intended to be measured by means of the PIN diode, therefore posing the
foundations to the characterization of IEL and NIEL responses of PIN diodes with respect to the
brass layer thickness.The capability of the brass layer to change the radiation field in the PMMA
layer was studied as well.
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4.2 Characterization of the radiation field in the PMMA phantom
The effect of the brass layer thickness on the energy deposition produced by a proton beam with
energy 190 MeV in the PMMA phantom was studied.
Fig. 4.1 shows the 190 MeV proton Bragg Peak (BP) in the PMMA varying the brass layer
thickness. Without the brass layer, the range of protons in PMMA is approximately 20 cm as
expected. Referring to Fig. 4.1, increasing the brass layer thickness shifts the position of the BP
to the left of the plot. This happens because the proton beam loses energy in the brass layer
before entering in the PMMA. A brass layer thicker than 4.5 cm stops the incident proton beam.
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Figure 4.1: Comparison of depth-energy deposition profiles for different Brass thicknesses as
indicated in the legend.
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The neutron and proton fluences emerging from the brass layer and incident on the PMMA
phantom were studied with respect to the brass thickness that varied between 0.1 cm and 4.15
cm. The results are shown in Figures 4.2 and 4.3.
According to Figure 4.2, at 0.1 cm brass layer thickness, the peak of the proton fluence spectrum
is at a value slightly below 190 MeV, which shows that the proton beam loses a very small
amount of energy in the brass layer. As the brass layer thickness increases, the proton fluence
spectrum widens and the peak position decreases to lower energies because of the proton beam
energy loss and energy straggling in the brass layer, as predicted by theory.
Figure 4.3 shows that the neutron fluence increases as the thickness of the brass layer increases.
This happens because thicker the brass higher the probability to produce secondary neutrons.
However, at brass thicknesses bigger than 2.6 cm, the fluence spectra become more and more
similar. This happens because the increased production of neutrons due to the thicker brass layer
is counterbalanced by an increased absorption of the neutrons in the brass itself.
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Figure 4.2: Proton fluence emerging from the brass layer with varying brass thickness as
indicated in the legend.
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Figure 4.3: Neutron fluence emerging from the brass layer with varying brass thickness as
indicated in the legend.

4.3 NIEL response of PIN silicon diode in-field
The neutron and proton energy fluence spectra have been calculated for various depths within the
PMMA phantom, in-field. The kinetic energy of neutrons and protons has been retrieved when
they reach the PIN diode and is used to determine the NIEL response of the detector. The energy
deposition in the PIN diode is calculated to determine the IEL response. The PIN diode has been
set in the plateau, rising part, peak and distal edge of the Bragg curve as shown in Chapter 3
(Section 3.1).
The PIN diode response was studied for brass layer thickness equal to 0 mm, 5 mm, 10 mm, and
26 mm.Figures 4.4-4.11 show the results of the simulations. Tables 4.1-4.4 report the average
neutron and proton energyfluences at various depths in the PMMA phantom with varying brass
layer thickness.
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From Figure 4.4, it can be observed that there is an increase in the fluence of neutrons just before
the Bragg Peak in-field. Low energy neutrons exhibit higher fluence throughout the phantom
while higher energy neutrons have a sharp fall in fluence because they scatter and get moderated.
Figure 4.5 shows the proton fluence versus the proton kinetic energy at different depths in the
phantom, without brass layer. As the energy of protons decreases with the depth in the phantom,
the fluence decreases as well. This happens because the proton beam scatters along its path,
therefore a smaller number of protons reaches the detector when this is set deeper in the phantom
and it would be expected that increasing the brass thicker leads to increase proton scattering in
the phantom.
From Table 4.1 it can be observed that the average neutron energy at the entrance of the phantom
is 47 MeV and then decreases rapidly to approximately 30 MeV. It can be observed that after the
Bragg Peak there is still an existing secondary neutron radiation field. It is crucial to be able to
characterise this field as it could correspond to the location of an eventual organ at risk, set
behind the target tumor.
Similar observations can be deduced from the results obtained with the introduction of a brass
layer of varying thickness. Table 4.2, 4.3 and 4.4 show that inserting a brass layer increases the
fluence of neutrons at the entrance of the phantom as expected and then the fluence in-field
decreases with the depth in the phantom because of neutron scattering. In all cases the neutron
energy is higher at the entrance of the phantom and then reaches a value of approximately 30
MeV. The fluence of neutrons slightly increases with the thickness of the brass layer; thicker the
brass layer, higher the probability to generate neutrons that reach the phantom.
The displacement KERMA was calculated with the method shown in Chapter 3.
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Figure 4.4: Energy spectra of neutrons incident on the PIN diode, without brass layer, at various
depths in a PMMA phantom, as indicated in the legend.
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Figure 4.5: Energy spectra of protons incident on the PIN diode, without brass layer, at various
depths in a PMMA phantom, as indicated in the legend.
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Table 4.1: Average energy of neutrons and protons at various depths in the PMMA phantom with
no brass layers.

Position along the
Bragg Peak (BP)
(cm)

Number of neutrons

Average neutron

Average proton

per incident proton

energy(MeV)

energy (MeV)

2.5

0.00104

47.

173.

16.5

0.00155

34.

70.

19.5

0.0010747

30.

26.

19.85(BP)

0.001005

30.

17.

20.3

0.0009

31.

20.55

0.00085

32.
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Figure 4.6: Energy spectra of neutrons incident on the PIN diode, with brass layer 5 mm thick, at
various depths in a PMMA phantom, as indicated in the legend.

2.5cm
10cm
16.2cm
17.4cm
17.6cm
18cm

Fluence of protons per incident proton per cm^2

0.01

1E-3

1E-4

1E-5

1E-6
0

50

100

150

200

Energy (MeV)

Figure 4.7: Energy spectra of protons incident on the PIN diode, with brass layer 5 mm, at
various depths in a PMMA phantom, as indicated in the legend.
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Table 4.2: Average energy of neutrons and protons at various depths in the PMMA phantom with
5 mm thick brass layer.

Position along the
Bragg Peak (BP)
(cm)

Number of neutrons

Average neutron

Average proton

per incident proton

energy(MeV)

energy(MeV)

2.5

0.00192

41.

159.

10

0.00176

41.

107.

16.2

0.00131

29.

42.

17.4 (BP)

0.000986

30.

17.

17.6

0.00095

31.

18

0.00086

31.
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Figure 4.8: Energy spectra of neutrons incident on the PIN diode, with brass layer 10 mm, at
various depths in a PMMA phantom, as indicated in the legend.
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Figure 4.9: Energy spectra of protons incident on the PIN diode, with brass layer 10 mm, at
various depths in a PMMA phantom, as indicated in the legend.
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Table 4.3: Average energy of neutrons and protons at various depths in the PMMA
phantom with 10 mm brass layers.

Position along the

Number of neutrons

Average neutron

Average proton

Bragg Peak(cm)

per incident proton

energy(MeV)

energy (MeV)

2.5

0.0026

38.

143.

12.6

0.0015

31.

59.

14.55

0.0011

29.

26.

14.95(BP)

0.0010

30.

17.

15.2

0.00095

30.

15.5

0.00090

30.
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Figure 4.10: Energy spectra of neutrons incident on the PIN diode, with brass layer 26 mm, at

Fluence of protons per incident proton per cm^2

various depths in a PMMA phantom, as indicated in the legend
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Figure 4.11: Energy spectra of protons incident on the PIN diode, with brass layer 26 mm, at
various depths in a PMMA phantom, as indicated in the legend.
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Table 4.4: average energy of neutrons and protons at various depths in the PMMA phantom with
26 mm brass layers.

Position along the
Bragg Peak (BP)
(cm)

Number of neutrons

Average neutron

Average proton

per incident proton

energy (MeV)

energy (MeV)

2.5

0.0040

28.

84

5.25

0.0025

27.

52

6.7

0.0019

27.

27

7.1(BP)

0.0017

27.

17

7.3

0.0016

27.

7.8

0.0014

27.

Fig. 4.12 shows the average energy of neutrons with respect to the depth in the phantom for
different brass thicknesses. It can be observed that at the entrance of the phantom the average
neutron energy decreases with thicker brass layer. This happens because thicker the brass the
more neutrons are generated and then moderated in the brass itself before reaching the phantom.
In all cases it can be observed that in field the average neutron energy around the BP and beyond
is about ~30MeV.
Fig 4.13 shows the neutron fluence with respect to the position of the PIN diode along the Bragg
peak in the phantom. With the presence of brass, the neutron fluence is higher at the entrance of
the phantom, then decreases with depth in PMMA as neutrons scatter and get moderated.
The neutron fluence is observed to increase with a thicker brass layer (up to 26 mm). As
mentioned before this happens because the neutron production cross section increases in a
thicker target.
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Figure 4.12: Average neutron energy at various depths in the PMMA phantom with varying
brass layer thickness as indicated in the legend.
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Figure 4.13: Neutron fluence with respect to depth along the Bragg Peak, in field, for different
brass thicknesses as indicated in the legend.

47

Depth in the phantom
(cm)

Kerma damage for neutrons Kerma damage for protons
𝑮𝒚/(𝒑𝒓𝒐𝒕𝒐𝒏 . 𝒄𝒎−𝟐 )
𝑮𝒚/(𝒑𝒓𝒐𝒕𝒐𝒏 . 𝒄𝒎−𝟐 )

2.5

0.00155

0.04143

6

0.00228

0.04216

10

0.00261

0.04279

14

0.00266

0.04518

16.5

0.00256

0.04984

18

0.00235

0.04143

19.5

0.00177

0.07437

19.85 (Bragg Peak)

0.00165

0.08719

20.3

0.00148

0.02861

20.55

0.00139

0.00303

Table 4.5: Displacement KERMA of Silicon PIN diodes due to neutrons and protons situated in
field at various depths in a PMMA phantom with no brass layers.
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Depth in the phantom
(cm)
2.5

Kerma damage for neutrons Kerma damage for protons
𝑮𝒚/(𝒑𝒓𝒐𝒕𝒐𝒏 . 𝒄𝒎−𝟐 )
𝑮𝒚/(𝒑𝒓𝒐𝒕𝒐𝒏 . 𝒄𝒎−𝟐 )
0.00287
0.04194

4

0.00277

0.04204

8

0.00275

0.04285

10

0.00275

0.04382

13

0.00264

0.047

16.2

0.00218

0.05948

17.4(Bragg Peak)

0.00162

0.0862

17.6

0.00156

0.07075

18

0.00141

0.00782

Table 4.6: Displacement KERMA of Silicon PIN diodes due to neutrons and protons situated in
field at various depths in a PMMA phantom with 5 mm brass layers.
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Depth in the phantom
(cm)
2.5

Kerma damage for neutrons Kerma damage for protons
𝑮𝒚/(𝒑𝒓𝒐𝒕𝒐𝒏 . 𝒄𝒎−𝟐 )
𝑮𝒚/(𝒑𝒓𝒐𝒕𝒐𝒏 . 𝒄𝒎−𝟐 )
0.00398
0.04217

5

0.00327

0.04279

8

0.00296

0.04415

10

0.00281

0.04631

12.6

0.00253

0.05272

13.5

0.00225

0.05846

14.55

0.00184

0.07385

14.95(Bragg Peak)

0.00169

0.08535

15.2

0.00156

0.06002

15.5

0.00148

0.01131

Table 4.7: Displacement KERMA of Silicon PIN diodes due to neutrons and protons situated in
field at various depths in a PMMA phantom with 10 mm brass layers.
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Depth in the phantom
(cm)
2.5

Kerma damage for neutrons Kerma damage for protons
𝑮𝒚/(𝒑𝒓𝒐𝒕𝒐𝒏 . 𝒄𝒎−𝟐 )
𝑮𝒚/(𝒑𝒓𝒐𝒕𝒐𝒏 . 𝒄𝒎−𝟐 )
0.00635
0.04722

4

0.00488

0.05148

5.25

0.00399

0.05727

6

0.00346

0.0618

6.7

0.00295

0.07517

7.1 (Bragg Peak)

0.00267

0.08492

7.3

0.00253

0.0701

7.5

0.00239

0.03681

7.8

0.00228

0.00416

Table 4.8: Displacement KERMA of Silicon PIN diodes due to neutrons and protons situated in
field at various depths in a PMMA phantom with 26 mm brass layers.

As expected, increasing the brass layer thickness produces higher displacement damage KERMA
due to the neutron field. The neutron displacementdamage KERMA is higher at the entrance of
the phantom and then decreases in-field, reaching a value of 0.001-0.002 Gy/proton cm2, protons
at the Bragg Peak distal edge.
The displacementdamage KERMA of protons has the same shape of the Bragg Peak. After the
Bragg Peak the protondisplacement damage KERMA decreases and drops to zero. The results
indicate that if the PIN diode is set in an appropriate position after the distal edge, it is possible to
measure the neutron secondary field only.
Fig. 4.14-4.17 show in plots the results summarised in Tables 4.5-4.8.
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Figure 4.14: Displacement KERMA due to neutrons and protons, with brass thickness 0 mm and
with an uncertainty of 1 %.
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Figure 4.15: Comparison of Displacement KERMA due to neutrons and protons, with brass
thickness 5 mm and with an uncertainty of 1 %.
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Figure 4.16: Comparison of Displacement KERMA due to neutrons and protons, with brass
thickness 10 mm and with an uncertainty of 1 %.
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Figure 4.17: Comparison of displacement KERMA due to neutrons and protons, with brass
thickness 26 mm and with an uncertainty of 1 %.

Fig. 4.18 and 4.19 show the displacement damage KERMA of protons and neutron field for
different brass thicknesses. As it can be observed the thickness of the brass has a significant
impact on the detector response. The neutron field has a small forward bias contribution to the
voltage of the PIN diode and hence a small contribution to the damage KERMA before and at
the Bragg Peak contributing with approximately 5% to the detector response.Consequently, the
amount of forward bias induced voltage by the neutron field is a measure of the instantaneous
damage.

After the Bragg Peak, the NIEL response due to proton and neutron field become comparable,
and, at an appropriate distance, it will be due to neutron field only. The results indicate that PIN
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diodes can be an efficient neutron radiation monitoring system after the distal edge of the Bragg
Peak and out of field where neutrons are the dominant radiation component.
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Figure 4.18: Displacement KERMA due to protons at different depths in the phantom, for
different brass thicknesses as indicated in the legend.
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Figure 4.19: Displacement KERMA due to neutrons with respect to the depth in the phantom, for
different brass thicknesses as indicated in the legend.

4.4 IEL response of PIN silicon diode in field
Figures 4.20-4.23 show the IEL response of the PIN diode with brass layer thicknesses of 0 mm,
5 mm, 10 mm and 26 cm. The IEL response is due to the energy deposition in the detector.
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Figure 4.20: Total energy deposited in PIN diode along the Bragg Peak in the phantom without
brass layer.
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Figure 4.21: Total energy deposited in PIN diode along the Bragg Peak in the phantom, with a
brass thickness of 5 mm.
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Figure 4.22: Total energy deposited in PIN diode set along the Bragg peak in the phantom, with
brass thickness of 10 mm.
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Figure 4.23: Total energy deposited in PIN along the Bragg Peak, with a brass thickness of 26
mm.
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Chapter 5:Conclusions

This project characterised the neutron field and the PIN diode response in a phantom, produced
by the final target-shaped brass collimator of a passive scattering proton beam line with an
incident 190 MeV proton beam.
The Bragg Peak and the secondary neutron field have been characterised on the central axis of
the beam, varying the thickness of the brass layer between 0 and 2.6 cm.
As expected, increasing the brass thickness shifts the Bragg Peak to shallower depths in the
phantom and, at the same time, increases the fluence of neutrons incident on the phantom. If the
thickness of the brass layer is bigger than 26 mm the neutron fluence incident on the phantom is
approximately constant as the higher neutron production is counterbalanced by the absorption of
neutrons in the brass.
At the entrance of the phantom, the neutron average energy is between 30 and 40 MeV
depending on the thickness of the brass layer, then at the Bragg Peak the average energy is
approximately 30 MeV in all cases. Because of the brass layer, the neutron fluence is higher at
the entrance of the phantom and then decreases with depth as neutrons scatter away from the
central axis.
The damage KERMA response for protons follows the Bragg Peak shape. The neutron field is
responsible for approximately 5% of the total damage KERMA. The results indicate that after
the distal edge of the Bragg Peak the neutron field will become dominant and the NIEL response
will be due only to the neutron field.
The IEL response of the PIN diode is characterised by the Bragg Peak curve as expected.
This study concerned the characterisation of the PIN diode response in field. The next step of the
project should be its extension to the in-field configuration beyond the Bragg Peak distal edge
and to the out of field configuration where the neutron field is dominant.
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